Human cytomegalovirus (HCMV) is a major cause of birth defects that include severe neurological deficits, hearing and vision loss, and intrauterine growth restriction. Viral infection of the placenta leads to development of avascular villi, edema, and hypoxia associated with symptomatic congenital infection. Studies of primary cytotrophoblasts (CTBs) revealed that HCMV infection impedes terminal stages of differentiation and invasion by various molecular mechanisms. We recently discovered that HCMV arrests earlier stages involving development of human trophoblast progenitor cells (TBPCs), which give rise to the mature cell types of chorionic villi-syncytiotrophoblasts on the surfaces of floating villi and invasive CTBs that remodel the uterine vasculature. Here, we show that viral proteins are present in TBPCs of the chorion in cases of symptomatic congenital infection. In vitro studies revealed that HCMV replicates in continuously self-renewing TBPC lines derived from the chorion and alters expression and subcellular localization of proteins required for cell cycle progression, pluripotency, and early differentiation. In addition, treatment with a human monoclonal antibody to HCMV glycoprotein B rescues differentiation capacity, and thus, TBPCs have potential utility for evaluation of the efficacies of novel antiviral antibodies in protecting and restoring placental development. Our results suggest that HCMV replicates in TBPCs in the chorion in vivo, interfering with the earliest steps in the growth of new villi, contributing to virus transmission and impairing compensatory development. In cases of congenital infection, reduced responsiveness of the placenta to hypoxia limits the transport of substances from maternal blood and contributes to fetal growth restriction.
H
uman cytomegalovirus (HCMV) is the most common cause of congenital viral infection in the United States. Each year, at least 40,000 babies are born with congenital infection, resulting in about 400 deaths and leaving 4,000 to 8,000 children with permanent neurological complications, such as hearing loss, visual impairment, and mental retardation (1, 2) . HCMV infection is also associated with stillbirth, preterm delivery, and intrauterine growth restriction (IUGR) (3) (4) (5) (6) (7) (8) (9) , which are risk factors for perinatal and lifetime morbidity (10) , including cardiovascular disease (11, 12) . There are more cases of permanent disability from congenital HCMV infection than from other, better known congenital conditions, such as Down syndrome, fetal alcohol syndrome, and neural tube defects (13, 14) . The burden to families and the economic costs to society of congenital HCMV infection are immense, with direct annual costs of more than one billion dollars (15) . Despite its public health significance, however, the specific molecular and cellular basis of HCMV's effects on the placenta and fetus and the reasons why clinical outcomes vary are poorly understood. Although direct fetal infection is involved in severe cases of neuropathology, infection of the placenta-with attendant effects on its development and function leading to an hypoxic environment (16) (17) (18) (19) -can result in IUGR and stillbirth (20) (21) (22) .
Models used to uncover the molecular mechanisms of HCMV pathogenesis in the human placenta have focused on the terminal stages of trophoblast differentiation and have been limited to primary cytotrophoblasts (CTBs), chorionic villous explants, and transformed trophoblast cell lines. In CTBs, HCMV replication reduces expression of the differentiation markers integrin ␣1␤1, integrin ␣V␤3, and major histocompatibility complex (MHC) class I protein HLA-G (23) and reduces both the expression and activity of matrix metalloproteinase-9 (MMP-9) (24), which degrades the extracellular matrix (25) , thereby impairing the ability of CTBs to differentiate and invade the uterine vasculature. Infected CTBs increase production of the immunosuppressive cytokines interleukin-10 (IL-10) and cytomegalovirus IL-10 (cmvIL-10), which further reduce invasiveness (24) . HCMV replication activates the peroxisome proliferator-activated receptor ␥ (PPAR␥), which also compromises CTB functions (26, 27) . Together, these results suggest that HCMV infection reduces CTB differentiation and invasion in utero, required to ensure an adequate blood supply to the placenta and fetus (23, 24, (26) (27) (28) (29) (30) . Using human placental villous explants (23, 31) and xenografts implanted into SCID-hu mice (32), we reported that infection with a pathogenic HCMV strain impairs villous growth. Although these studies provided important clues to the mechanisms by which HCMV infection impairs placental development and function, they did not provide an understanding of how and whether infection affects earlier stages of trophoblast development.
We previously reported that placentas from infants with symptomatic congenital infection and poor outcome exhibit signs of hypoxia (17, 18) . Passive immunization with hyperimmune globulin, a pooled immunoglobulin preparation from donors with high-avidity anti-HCMV antibodies, was shown to reduce viral replication and enable compensatory growth of chorionic villi, increasing the placental surface area perfused by maternal blood (17, 33) and, for some babies, improving the outcome (34) (35) (36) (37) (38) . In addition, we recently found that placentas from cases of IUGR with primary maternal infection contain unusual clusters of extravillous CTBs, indicating that infection may have effects that block differentiation and fusion into syncytiotrophoblasts (STBs) (18) . These observations suggested impaired development of the trophoblast lineages at stages earlier than previously indicated by studies of CTBs in culture (23) .
Chorionic villi, the functional units of the placenta, grow from the chorion, where trophoblast progenitor cells (TBPCs) reside (39) (see Fig. 1A and B). Cells in the chorion coexpress trophoblast markers and proteins whose homologs in mice mark pluripotent progenitors, suggesting that placental growth is supported by progenitors in the chorion throughout gestation (39) . Lines of continuously self-renewing TBPCs were established from cells that expressed these markers isolated from the chorion. These cells express the CTB marker cytokeratin 7 and transcriptional regulators required for trophoblast fate specification and/or differentiation of the major lineages in mice, including Eomes (Eomesodermin), geminin, GCM1 (glial cells missing homolog 1) and GATA4. They also express the neonatal Fc receptor (FcRn) for maternal IgG transport and passive immunity of the fetus (40, 41) . When TBPCs are cultured under conditions that trigger differentiation, the cells aggregate and form spheres containing mononuclear and multinuclear cells. These spheres upregulate HLA-G, a marker of differentiating/invading CTBs, and increase expression of human placental lactogen and secretion of human chorionic gonadotropin (hCG)-two hormones secreted from STBs (see Fig. 1C ). In addition, TBPCs show high invasive capacity and can be used to study early steps in trophoblast differentiation.
Since TBPCs give rise to the mature cells of the human placenta, impaired proliferation and function would be expected to lead to hypoxia and developmental defects in the fetus, such as IUGR. Here we show that HCMV-infected cell proteins are present in TBPCs in the chorion in cases of symptomatic congenital infection. We then use the established TBPC cell lines to investigate the impact of viral replication on self-renewal and generation of the mature placental cell types.
MATERIALS AND METHODS
Cell culture, virus strains, and HCMV infection in vitro. The University of California's Committee on Human Research approved this study. TBPC lines isolated from human chorionic membranes (7.3 and 15.6 weeks of gestation) were cultured on gelatin-coated plates in Dulbecco's modified Eagle's medium with nutrient mixture F-12 (DMEM/F12) supplemented with 10 ng/ml basic fibroblast growth factor (bFGF) (R&D Systems, Minneapolis, MN), 10 M SB431542 (Tocris Biosciences, Minneapolis, MN) and 10% fetal bovine serum (FBS) (39) . TBPCs-100% positive by immunostaining for cytokeratin with the rat monoclonal antibody 7D3 (42) and GATA4 -were used up to passage 18. The cells were infected with the pathogenic clinical HCMV strain VR1814 (43) at a multiplicity of infection (MOI) of 0.01 to 1. VR1814 virus stocks were propagated in human umbilical vein endothelial cells at low passage; high-titer stocks were produced by one passage in human foreskin fibroblasts (HF). Since clinical HCMV strains are highly cell associated (44) , infected cells were pelleted by centrifugation, and supernatant was removed. The cell pellet was sonicated in 1% FBS-containing DMEM, and cell debris was removed by centrifugation (45) .
Serological and other reagents. The following antibodies were purchased: rabbit polyclonal antibodies to GATA4, Hand1, HMGA2 (highmobility group AT-hook 2), and hCG (Abcam, Cambridge, MA); goat polyclonal antibodies to GATA3 and GATA4 (R&D Systems); rabbit polyclonal antibodies to geminin (Santa Cruz Biotechnology, Dallas, TX); anti-PPAR␥ rabbit monoclonal antibodies (clones C26H12 and 81B8; Cell Signaling Technology, Danvers, MA) and rabbit polyclonal antibody (Proteintech, Chicago, IL); mouse monoclonal antibody to human cytokeratin 7 (clone OV-TL 12/30; Dako, Carpinteria, CA); and anti-actin mouse monoclonal antibody (Sigma-Aldrich, St. Louis, MO). Antihuman/rat neonatal Fc receptor (FcRn) ␣-chain rabbit polyclonal antibody (46) was a generous gift from Neil E. Simister, and rat monoclonal anti-human cytokeratin (clone 7D3) was a gift from Susan Fisher (42) . The following mouse monoclonal antibodies to HCMV ICPs (infected cell proteins), generated by the Pereira lab (47, 48) , were also used: CH112-2 to glycoprotein B (UL55); CH19 to pp28 (UL99); CH160 to immediate early (IE) nuclear proteins (IE1 and IE2, UL122, and UL123) and CH443 to IE1 (UL123). We also used M23, a mouse monoclonal antibody to UL112 and -113 (49, 50) , and a cocktail of mouse monoclonal antibodies directed against HCMV ICPs (MAB8121 containing clones 8B1.2, 1G5.2, and 2D4.2; Millipore, Billerica, MA). TRL345, a human IgG1 monoclonal antibody (MAb) against the conserved AD-2 epitope of HCMV gB (51) , and control IgG1 MAb Synagis, which is reactive with respiratory syncytial virus (52) , were provided by Trellis Bioscience, LLC (Menlo Park, CA).
Immunofluorescence staining. Cells grown on coverslips were fixed with 4% paraformaldehyde and permeabilized with 0.1% Triton X-100 or ice-cold methanol. Nonspecific antibody binding to the viral Fc receptor was blocked using normal human serum (53) . For double immunostaining, cells were simultaneously incubated with primary antibodies from different species and secondary antibodies labeled with fluorescein isothiocyanate (FITC) or rhodamine red-X (RRX). Nuclei were stained with 4=,6=-diamidino-2-phenylindole (DAPI) (Vector Laboratories, Burlingame, CA). Alternatively, the coverslips were incubated with primary antibodies against cellular proteins overnight, followed by incubation with secondary antibodies, then stained with antibodies to HCMV proteins. Images were obtained using a Nikon Eclipse 50i microscope equipped with a Spot 7.4 Slider camera (Diagnostic Instruments) controlled by Spot advanced software.
Immunoblot analysis. Cells were lysed in radioimmunoprecipitation assay (RIPA) buffer containing a protease inhibitor cocktail (Thermo Scientific, Rockford, IL) and clarified by centrifugation. Proteins were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis, transferred to Hybond membranes (GE Healthcare Life Sciences, Pittsburgh, PA), and blocked for 2 h in phosphate-buffered saline (PBS) containing 5% skim milk and 0.05% Tween 20. After incubation with primary antibody for 16 h at 4°C and then with a peroxidase-conjugated secondary antibody for 1 h, blots were developed with WesternBright enhanced chemiluminescence (ECL) or Quantum horseradish peroxidase (HRP) substrate (Advansta, Menlo Park, CA).
Immunohistochemical analysis. (i) Placental samples. Placental biopsy specimens were obtained from patients delivering at Long Hospital, University of California, San Francisco, with informed written consent and institutional review board approval. Biopsy specimens (1 central biopsy specimen and 4 peripheral biopsy specimens) were fixed in 10% formalin and embedded in paraffin. Serial 5-m-thick sections were either stained with hematoxylin and eosin or immunostained (16, 54) . Additional biopsy specimens were obtained from the standing collection in the Department of Pathology, University of California, San Francisco.
(ii) Immunostaining of cellular and viral antigens. Slides were deparaffinized using Clear-Rite 3 (Thermo Scientific) and rehydrated in a decreasing ethanol concentration series. Antigen retrieval was performed for each antigen as described below, followed by blocking with 1 to 2% normal horse serum (for staining with mouse monoclonal antibodies) or normal rabbit serum (for staining with goat polyclonal antibodies) for 30 min to overnight (18) . Sections were incubated with primary antibody overnight at 4°C, washed, and processed for color development using Vectastain avidin-biotin complex (ABC) horseradish peroxidase kit (mouse or goat; Vector Laboratories) according to the manufacturer's instructions, followed by color development with a diaminobenzidine (DAB) substrate kit (Abcam). Slides were counterstained with hematoxylin (Sigma-Aldrich), dehydrated, and mounted using Vectamount AQ (Vector Laboratories). The antibodies used for immunohistochemistry were mouse monoclonal anti-HCMV blend (MAB8121, which react with IE, early, and late antigens; Millipore) and goat polyclonal anti-GATA4 (Abcam). Antigen retrieval was performed for each antibody as follows: for HCMV ICPs, sections were incubated with 0.4% pepsin (Sigma-Aldrich) in 0.01 N HCl (30 min, 37°C); for GATA4, slides were heat treated in 10 mM sodium citrate (pH 6.0) in a 2100 Retriever pressure cooker (Diatome, Hatfield, PA) using its automated pressurized heat cycle (ϳ15 min) and cooled for 2 h. Images were taken on a Nikon TS100 inverted microscope equipped with a Nikon DS-F12 camera controlled by Nikon NIS-Elements F4 software.
Differentiation of TBPCs. Mock-infected control and infected TBPCs were dissociated into single cells with Accutase (Stemcell Technologies, Vancouver, BC, Canada), and live cells were counted using trypan blue exclusion. A total of 2 ϫ 10 5 cells (live cells) were plated on undiluted Matrigel-coated 24-well plates in differentiation medium consisting of KnockOut DMEM (Invitrogen, Grand Island, NY) supplemented with KnockOut serum replacement (Invitrogen), 40 ng/ml epidermal growth factor (EGF), 10 ng/ml fibroblast growth factor 4 (FGF4) (R&D Systems), and 10% FBS and cultured for up to 3 days (39) . When cells were infected at higher MOIs and/or maintained for longer periods before dissociation, infected cells did not form any spheres but became apoptotic. Thus, we chose infection at an MOI of 1 and culture for 4 days for further differentiation assays. In some experiments, mock-infected control and infected cells were cultured in media containing ganciclovir (450 M) (55) prior to differentiation. To evaluate the efficacy of anti-gB MAb TRL345 (51), TBPCs were infected, and 20 g/ml of the antibody was added 1 day after infection. Cells were further cultured 3 or 4 days, after which differentiation assays were performed. Since infection at a lower MOI has only minimal effects on sphere formation and infection at a higher MOI is not physiologically relevant, we chose infection at an MOI of 0.01 to 0.1 (56) . We noticed that infectivity was slightly different depending on passage number, i.e., higher-passage cells had lower infectivity, especially at a low MOI. The isotype-matched negative-control antibody Synagis (52) was included in these experiments.
In vitro cell invasion assays. Cell invasion assays were performed as reported with minor modifications (24, 39) . Accutase-dissociated mockinfected control and infected TBPCs (4 days postinfection [p.i.]; MOI of 1) (5,000 cells) were plated on undiluted Matrigel-coated Transwell polycarbonate filters (8-m pores; Corning Costar, Tewksbury, MA) in differentiation medium. After 72 h, filters were fixed and stained for CTBspecific cytokeratin with 7D3 antibody. Nuclei and cytokeratin-positive cells that migrated to the underside of the filters were counted. Each condition was tested in duplicate, and the experiments were performed 3 times.
Image and statistical analyses. Fluorescence intensities of the immunofluorescence staining of geminin, HMGA2 and GATA4 were quantified using NIH ImageJ software. Three to five images (magnification of ϫ200) from randomly selected areas were taken at constant settings from at least 3 independent experiments. Within each image, signal intensities were measured for each nucleus using the integrated density function of ImageJ. A total of 100 to 600 measurements were made for each experimental condition within each experiment. The statistical significance of differences between the means within experiments was determined using the Mann-Whitney rank sum test with the Real Statistic Resource Pack Add In for Excel. P values of less than 0.05 were considered significant. Data from multiple experiments were not combined, as statistical significance was easily achieved in all individual experiments in comparisons between infected and mock-infected cells and between infected and infected, ganciclovir-treated cells. For presentation in the charts in Fig. 2 , fluorescence intensities of ganciclovir-treated mock-infected control, infected cells, and infected, ganciclovir-treated cells were normalized to the mean intensities of the mock-infected control in the same experiment.
To obtain sphere diameter values, entire wells (24-well plate) for each condition (e.g., mock-infected control in the presence and absence of ganciclovir, infection in the presence and absence of ganciclovir or antibodies) were photographed using a Nikon TS100 inverted microscope equipped with a Nikon DS-F12 camera controlled by Nikon NIS-Elements F4 software, and sphere diameters were manually analyzed. Each condition was tested in duplicate, and each experiment was performed 4 times. The statistical significance of differences between conditions was determined within each experiment using the Mann-Whitney rank sum test (described above). Although experiments were repeated, each individual experiment provided sufficient statistical power to achieve significance in comparisons, so data from multiple experiments were not combined. The figures show the results of representative experiments and indicate P values for two-way comparisons. P values of less than 0.05 were considered significant.
For invasion assays, data are expressed as means Ϯ standard errors (SE). Student's t test was used to analyze the difference in invasion between mock-infected control and infected cells and between infected and infected, ganciclovir-treated cells. A P value of Ͻ 0.05 was considered significant. 
RESULTS

HCMV infects trophoblast progenitor cells in the chorion of the placenta in utero.
We recently published evidence that congenital HCMV infection interferes with CTB differentiation and STB formation in the placenta (18) , suggesting that the virus affects differentiation of the trophoblast lineages at stages earlier than previously demonstrated using primary CTBs in culture (23) . As chorionic villi develop from progenitor cells in the chorion, we hypothesized that HCMV replicates in these cells (TBPCs), leading to impaired differentiation at early stages of the development of villi (Fig. 1A to C) . To determine whether TBPC infection occurs in utero, we immunostained placentas from cases of confirmed congenital infection and healthy pregnancies using a cocktail of antibodies against HCMV antigens (IE, early, and late) and GATA4, a marker of TBPCs not expressed in CTBs (39) . We observed viral antigens in cells weakly expressing GATA4 (Fig. 1F to I, arrow) in the chorions of cases of symptomatic congenital infection, but not in control placentas ( Fig. 1D and E) or when isotype control antibodies were used (data not shown). In addition, chorions from cases of congenital infection tended to contain 2-to 3-fold-fewer GATA4-positive cells compared with control placentas, suggesting that infection decreases the number of TBPCs. These results indicated that HCMV replicates in TBPCs and could interfere with the development of chorionic villi (Fig.  1C) . This offers an explanation why placentas from cases of congenital infection treated with hyperimmune globulin to reduce virus replication contained more immature chorionic villi than placentas from cases of untreated infection and healthy subjects (17) . We and others reported that HCMV replicates in decidual cells and glandular epithelial cells (16, 18, 57) , suggesting that infection spreads to the adjacent chorion, reducing the number of TBPCs available to differentiate into CTBs and STBs and undermining development of new chorionic villi in response to hypoxic conditions (17) .
HCMV infection of TBPCs alters expression of proteins that control differentiation. We recently reported that TBPCs from first-and second-trimester placentas are permissive for HCMV replication and that the development of spheres is reduced in vitro (i.e., support the full viral life cycle and produce progeny virions) (56) . To explore the molecular mechanisms by which HCMV infection impairs trophoblast differentiation, we used lines of continuously self-renewing TBPCs established previously (39, 56) . For these experiments, we routinely confirmed that the cells expressed cytokeratin, neonatal Fc receptor (FcRn) ( Fig. 2A) and GATA4 (Fig. 2B) , markers not expressed in human placental fibroblasts (data not shown). TBPCs plated on gelatin were infected with the pathogenic HCMV clinical strain VR1814. We analyzed expression of proteins with potential roles in self-renewal and differentiation (referred to as TBPC regulatory proteins) based on their known functions in mouse trophoblast progenitor cells and human embryonic stem cells (ESCs). These proteins included the regulators of pluripotency and cell cycle progression geminin (58, 59 ) and HMGA2 (high-mobility group AT-hook 2) (60) and the differentiation factors GATA3 (61-63), GATA4 (64) , and Hand1 (65) .
VR1814-infected TBPCs and mock-infected controls were immunostained ( Fig. 2B and 3) , and extracts were analyzed by immunoblotting at 2 and 5 days postinfection (p.i.) (i.e., early and late) (Fig. 2D) . At 5 days p.i., geminin was upregulated (Fig. 2B) , with a significant increase in fluorescence intensity (Fig. 2C) , which could prevent TBPC differentiation. Geminin is involved in the maintenance of the undifferentiated state of neural progenitor cells, and overexpression of geminin prevents neuronal differentiation (66) (67) (68) . HMGA2 ( Fig. 2B and C) and SOX2, a component of the core pluripotency factor network in ESCs (69, 70) (data not shown), were downregulated in infected cells, suggesting reduced capacity for self-renewal and pluripotency. GATA4, a differentiation-related transcription factor, was significantly decreased in comparison to the control (Fig. 2B and C) , which could inhibit differentiation, as demonstrated in human ESCs (71) . In some cells, GATA4 disappeared from nuclei (Fig. 2B, blue dashed line) , and in other cells, GATA4 accumulated in small spots in nuclei (Fig. 2B, white arrowheads) . Altered expression of geminin and SOX2 was observed at early time points after infection (data not , and GATA4 were quantified using NIH ImageJ software. In each experiment, the mean intensities of ganciclovir (GCV)-treated uninfected control cells, infected cells, and infected, GCV-treated cells were normalized to the mean intensities of the control cells. Graphs show representative relative fluorescence intensity (mean Ϯ SE) from 1 of 3 independent experiments. Significant differences were found by the Mann-Whitney rank sum test and indicated as follows: *, P Ͻ 0.0001 for mock-infected control cells and infected cells; #, P Ͻ 0.0001 for infected cells and infected, GCV-treated cells; and ϩ, P Ͻ 0.0001 for GCV-treated mock-infected control cells and GCV-treated, infected cells. Significant differences indicated here for one experiment were found in all experiments. (D) Immunoblotting of key regulatory proteins. Cell lysates from control or infected TBPCs at 2 and 5 days (d) p.i. were immunoblotted with antibodies to TBPC regulatory proteins and actin (loading control).
shown), but downregulation of HMGA2 and GATA4 was more pronounced at late time points. Immunoblot analysis confirmed upregulation of geminin and downregulation of HMGA2 and GATA4, especially at later time points (Fig. 2D) .
Interestingly, infection caused changes in the subcellular localization of two other differentiation-related transcription factors, GATA3 and Hand1. In uninfected cells, these proteins are found in the nucleus; in infected cells, these proteins were found diffusely in the cytoplasm and at the periphery of the cytoplasmic virion assembly compartment (cVAC), with both proteins colocalizing with gB (not shown) and pp28 ( Fig. 3) 
(nuclei [light blue dashed lines]; pp28 [red dashed lines])
. Loss of nuclear localization of these transcription factors could further reduce the capacity of TBPCs to differentiate. In addition, immunoblot analyses revealed additional bands of GATA3 at late time points and increased levels of Hand1 (Fig. 2D ), and these changes were similar between first-and second-trimester TBPCs (56) . Viral gene expression is required for the altered expression and localization of TBPC regulatory proteins. Our results indicated that altered expression of TBPC regulatory proteins was more pronounced at 5 days p.i. (Fig. 2 and 3) . We therefore asked whether late viral genes are required for these changes in infected cells. For these experiments, TBPCs were infected in the presence of ganciclovir, an inhibitor of the viral DNA polymerase. Ganciclovir-treated, infected cells showed punctate nuclear localization of UL112/113 proteins, early gene products, in contrast to accumulation in large nuclear inclusion bodies (49, 50) (Fig. 4A) , which indicates the absence of viral DNA replication (50) . Moreover, these cells did not express the late gene product pp28, further confirming the absence of viral DNA replication. Ganciclovir treatment was not able to prevent geminin upregulation ( Fig. 2C and 4B) or SOX2 downregulation (data not shown) in infected cells, indicating that these events are mediated through IE or early genes. In contrast, ganciclovir treatment was able to block the changes in HMGA2 (completely) and GATA4 (partially) (Fig.  2C) , also confirmed by immunoblot analysis (Fig. 4B) , indicating that these changes require viral DNA replication. As expected, GATA3 and Hand1 failed to accumulate in discrete cytoplasmic compartments or in the cVAC. Instead, the bulk of the GATA3 signal remained nuclear, and Hand1 staining was diffuse in both the cytoplasm and nuclei (Fig. 4C) . As cVAC formation is blocked when infection is carried out in the presence of inhibitors of viral DNA replication, it is likely that alterations in subcellular localization of regulatory proteins may be linked to cVAC formation. Note there was no effect of expression of these proteins in uninfected, ganciclovir-treated controls (Fig. 2C and 4B and C) . Altogether, these results suggest that HCMV DNA replication is required for interference with TBPC self-renewal capacity and differentiation.
HCMV infection inhibits TBPC differentiation. Having found that changes in differentiation factor expression and localization require viral DNA replication, we asked whether infection of TBPCs inhibits their differentiation, as we reported for primary CTBs (23) . For these experiments, TBPCs were infected with HCMV strain VR1814 and cultured for 4 days for further differentiation assays (56) . Control cells formed large, dense aggregates by 3 days after plating on Matrigel (range of mean diameters Ϯ SE among all experiments was 328 Ϯ 12 to 346 Ϯ 10 m) (Fig. 5A) , indicating differentiation (39) . In contrast, VR1814-infected cells formed significantly smaller and looser spheres with fewer cells (112 Ϯ 3 to 168 Ϯ 4 m) (Fig. 5A) . When infected TBPC monolayers were cultured with ganciclovir and then differentiated, larger aggregates formed (163 Ϯ 3 to 256 Ϯ 7 m) (Fig. 5A) . Although sphere diameters varied in infected cells in each experiment, they were significantly different between control and infected cells (P Ͻ 0.0001) and between infected and ganciclovirtreated infected cells (P Ͻ 0.0001) in all experiments. Minimal effects were observed in ganciclovir-treated, mock-infected controls compared to untreated controls (315 Ϯ 13 to 322 Ϯ 10 m) (Fig. 5A) . The histogram of sphere diameters for the infected cells was skewed toward smaller spheres (Fig. 5B) , further confirming that infected TBPCs impair sphere formation in parallel with altered expression of differentiation factors.
To measure the invasive capacity of TBPCs, mock-infected control and infected cells at 4 days p.i. were plated in differentiation medium on Matrigel-coated Transwell filters, and invasion assays were performed by counting the numbers of cells that traversed the pores. Significantly fewer infected TBPCs traversed the Transwell filters, whereas ganciclovir treatment partially restored invasiveness (Fig. 5C) . Interestingly, even when invasion assays were performed at 2 days p.i., the invasiveness of infected cells was significantly impaired (ϳ60% reduction compared with control) (data not shown).
Activation of PPAR␥ inhibits CTB invasion (27, 72) and MMP-9 activity (73) and inversely controls the expression of transcripts for the ␣ and ␤ subunits of hCG and total hCG secretion (27, 74) . hCG is mainly secreted from STBs and further stimulates STB formation. Having found impaired sphere formation and decreased invasion by infected TBPCs, we analyzed PPAR␥ and hCG expression in differentiated cells. Immunoblot analysis showed that PPAR␥ expression increased (Fig. 5D ), in accord with decreased invasiveness (Fig. 5C) . Moreover, hCG expression decreased, and a hyperglycosylated form of hCG was produced (Fig.  5D ), suggesting reduced STB formation. Hyperglycosylated hCG has low bioactivity and increases in mid-trimester Down syndrome pregnancies, resulting in defects in trophoblast differentiation into STBs (75, 76) . In ganciclovir-treated, infected cells, hCG levels were restored, but expression levels of PPAR␥ and hyperglycosylated hCG were comparable to those of infected cells (Fig. 5D ). Since invasive capacity is inhibited early after infection and partially restored by ganciclovir treatment, even while PPAR␥ levels remain high, there may be PPAR␥-independent effects on invasive capacity that depend on viral replication. Taken together, these results further confirm that infection impairs TBPC differentiation.
Anti-gB monoclonal antibody restores the capacity for selfrenewal and differentiation. We recently showed that a human neutralizing monoclonal antibody (MAb) to HCMV gB, but not a MAb to UL131A of the pentamer (gH/gL/UL128-131A), potently inhibits viral entry into TBPCs (99% reduction at 10 g/ml) and enables the cells to differentiate and form spheres (56) . HCMV hyperimmune globulin also exhibits neutralizing activity, although it is less potent (ϳ42% reduction at 10 g/ml and ϳ81% reduction at 100 g/ml) (56); most neutralizing activity in hyperimmune globulin is attributed to anti-pentameric complex antibodies (77) . To determine whether anti-gB treatment following infection restores TBPC functions, cells were infected, then treated with a human MAb to gB (TRL345) (20 g/ml) 1 day after infection, and cultured for another 3 days. Immunoblot analysis showed that at 3 days after anti-gB treatment following infection, the HMGA2 level was comparable to the control level, and GATA4 expression was partially restored (Fig. 6A) . In contrast, an isotypematched negative-control MAb, Synagis, which lacks HCMV neutralizing activity and fails to block virus entry into TBPCs (56), had no effect on protein expression. These cells were then stimulated to differentiate by plating on Matrigel in differentiation medium. Anti-gB treatment markedly shifted the distribution of TBPC sphere diameters toward that characteristic of the uninfected state (Fig. 6B) . Mean sphere diameters (mean diameter Ϯ SE) ranged from 328 Ϯ 12 to 414 Ϯ 13 m for control cells, 155 Ϯ 2 to 257 Ϯ 52 m for infected cells, and 226 Ϯ 6 to 292 Ϯ 7 m for anti-gB-treated cells, suggesting that anti-gB rescues the TBPC phenotype and the capacity for differentiation. In all these comparisons within experiments, differences were statistically significant. Negative-control antibody treatment had minimal effects on sphere formation (162 Ϯ 2 to 242 Ϯ 5 m) compared to untreated, infected cells. In addition, cells receiving anti-gB treatment formed greater numbers of spheres (1.5-to 4-fold) than did control cells (data not shown), which could explain the increased numbers of villi observed in placentas from mothers treated with hyperimmune globulin (17) .
DISCUSSION
Placental development is central to the maintenance of a healthy pregnancy. The placenta functions at the interface between mother and fetus, preventing rejection of the fetal hemiallograft, enabling respiratory gas exchange, nutrient and IgG transport, and secretion of peptide and steroid hormones with autocrine functions. Our recent studies have suggested that infection could impair the early stages of trophoblast differentiation in cases of IUGR with primary maternal infection (18) . Here, we provide the first evidence that cases of congenital HCMV infection involve viral infection of TBPCs in the chorion in utero, which could reduce the number and functional capability of TBPCs, as shown by the reduction in both cell number and GATA4 expression (Fig. 1) . Experiments using TBPC lines showed that viral replication impairs the ability to self-renew, maintain an undifferentiated state, as indicated by reduced HMGA2 and SOX2 expression, and differentiate to form the mature trophoblast cell types, as indicated by impaired sphere formation, reduced hCG production, and increased PPAR␥ expression (Fig. 2 to 5 ). Reduced TBPC numbers in the chorion could correlate with decreased HMGA2 expression, which reduces stem cell numbers and self-renewal potential when it occurs in neural and hematopoietic stem cells (78, 79) . We also found that infected TBPCs fail to migrate, as determined by wound healing assays in vitro (data not shown). Reduced migration and villous formation could explain why placentas from cases of symptomatic congenital infection have reduced compensatory development, in contrast to recipients of hyperimmune globulin, which suppresses viral replication (17, 33, 80, 81) .
Currently, there are no approved therapeutics for congenital HCMV infection due to concerns over the toxicity and teratogenicity of available antiviral drugs (reviewed in references 82 and 83). A major reason for the lack of treatments is poor understanding of the molecular mechanisms that lead to placental injury and reduced developmental capacity. There are no appropriate animal models for studying congenital HCMV infection that recapitulate human disease and birth defects, and experiments on human tissues pose significant obstacles. In nonrandomized clinical studies, treatment of pregnant women with hyperimmune globulin was reported to improve pregnancy outcome in several studies (34, 35, 38, 84) with limited effect in one study (37) . As novel therapeutics, human MAbs specific for epitopes on HCMV proteins have been developed using technological advancements in human B-cell cloning (51, 85, 86) . TBPC phenotype and differentiation capacity were rescued by anti-gB MAb treatment (Fig. 6 ) and increased the numbers of spheres, indicating that TBPCs could model the increased villus numbers observed in placentas from hyperimmune globulin treatment (17) . In addition, a human MAb to gH had potent HCMV neutralizing activity in TBPCs (T. Tabata and L. Pereira, unpublished data). TBPCs have self-renewal capacity and can be maintained indefinitely and serve as a consistent (genetic and proliferative) source for trophoblast differentiation. In addition, they allow studies of viral effects on trophoblast proliferation and early stage differentiation, which are required for continuous growth of the placenta throughout pregnancy. Thus, human TBPCs have potential utility for evaluation of the efficacies of novel antiviral antibodies in protecting and restoring placental development. Such studies have not been possible using primary CTBs and chorionic villous explants, models previously used, which do not support long periods of viral replication and can be used to study only the terminal steps of differentiation.
HCMV can establish latency in human ESCs (87) , pluripotent cells that display unlimited self-renewal in an undifferentiated state. ESCs, derived from the inner cell mass, differentiate into all embryonic tissues, including the germ line, but have lost the ability to form trophoblast derivatives of the placenta. In contrast, progenitors are more lineage committed than stem cells and differentiate into their specific target cells in tissues. TBPCs (56) and human neural progenitor cells from fetal brains (88, 89) are fully permissive for HCMV replication. Human induced pluripotent stem cells (iPS) are not permissive for infection, whereas their derivatives, neural progenitor cells, are fully permissive for infection and alter expression of genes related to neural metabolism and differentiation (90) . We found that HCMV reduces stem cell self-renewal factors HMGA2 and SOX2 (60, 69, 70) (Fig. 2) . Infected TBPCs upregulate geminin, which coordinates proliferation and differentiation with multiple roles in development and homeostasis. Downregulation of geminin occurs around the time of cell cycle exit (91, 92) and is required to initiate differentiation into STBs and invasive CTBs, especially during the first and second trimesters (93) . Infection of fibroblasts synchronized in G 0 or S inhibits G 1 /S progression in several ways, including upregulation of geminin and downregulation of HMGA2 mRNA (94) (95) (96) (97) . Thus, changes in the levels of geminin and HMGA2 arrest the cell cycle (98, 99) and inhibit host cell DNA replication (100, 101), preventing TBPC differentiation. Since progenitors/stem cells have unique cell cycles and expression profiles of cell cycle regulators linked to the activities of factors that enable self-renewal (58, 102, 103) , we are currently examining the expression of cell cycle regulators that could affect TBPC self-renewal.
For the most part, the inhibitory effects of HCMV infection on TBPC differentiation require late viral gene expression, which parallels findings for neural progenitor cells, where late viral gene products were found to inhibit differentiation (55, 88, 104) . However, upregulation of geminin and downregulation of SOX2 occur before viral DNA replication. Overexpression of geminin prevents neuronal differentiation (67) . SOX2 is required for mouse trophoblast formation (105) , and expression levels are high in human ESCs during differentiation (106) . Furthermore, overexpression of SOX2 enhances the differentiation of human mesenchymal stem cells and mouse ESCs (107, 108) . Thus, inhibition of viral DNA replication only partially restored differentiation capacity (Fig. 5) .
HCMV infection causes a dramatic reorganization of components of the secretory pathway, including the endoplasmic reticulum, Golgi complex, and trafficking vesicles, to facilitate cVAC formation and virion egress (109) (110) (111) (112) (113) . In infected TBPCs, GATA3 and Hand1 colocalize with pp28 and accumulate in the cVAC (Fig. 3) (109-111) , but ganciclovir treatment prevents the relocalization of GATA3 and Hand1 (Fig. 4C) . Thus, cVAC formation could reroute GATA3 and Hand1 and prevent their localization to the nucleus, leading to loss of function of these proteins. Loss of GATA3 from the nuclei of infected TBPCs could further downregulate trophoblast-specific genes, including placental lactogen, secreted by STBs (61) (62) (63) . With regard to GATA4, downregulation in human ESCs significantly inhibits differentiation, as shown by inhibition of embryoid body (sphere) formation (71) . Hand1, a member of the basic helix-loop-helix (bHLH) transcription factor family, is essential for adequate differentiation of mouse trophoblasts (114) , promotes cell cycle exit in mouse trophoblast stem cells (115) , and is critical for trophoblast giant cell formation, the equivalent of the human invasive CTBs (65) . Thus, altered localization of Hand1 in infected TBPCs could further impair differentiation/invasion.
Unlike fibroblasts, TBPCs and their derivatives, CTBs, cooperate as they differentiate, increasing cell contact during sphere formation and aggregation (23, 39) . Although HCMV infected about 30% of CTBs in our previous reports, the levels of cell-matrix and cell-cell adhesion molecules were dramatically altered, impairing the ability to differentiate and invade the extracellular matrix (23, 116) . In addition, increased secretion of both the IL-10 and cmvIL-10 reduce the expression and activity of MMP-9, further contributing to defective CTB invasiveness (24) . A vivid illustration of the impact of infection on intercellular communication is the impairment of CTB outgrowth in villous explants, leading to formation of truncated, spindly cell columns, even though only a fraction of these CTBs were infected (32) . Interestingly, we found that infection at a low MOI induced considerable changes in TBPC functions, indicated by decreased expression of HMGA2 and GATA4 and reduced size of spheres (Fig. 6 ). Ongoing studies should better define the intercellular signals and cell-matrix interactions involved in the sphere formation process.
Here we have shown that infection inhibits the developmental pathways for both CTBs and STBs. Infection of differentiated TBPCs increases expression of PPAR␥, which correlates with impaired invasion (26, 27) and decreases hCG production, indicating defects in the formation of invasive CTBs and STBs, respectively ( Fig. 5C and D) . PPAR␥ is also involved in the pathophysiology of IUGR and preeclampsia (117) . Strong transactivation of PPAR␥ during early pregnancy could reduce CTB invasiveness, one explanation for the pathophysiology of preeclampsia (72, (118) (119) (120) . In addition, PPAR␥ is a regulator of fatty acid storage and glucose metabolism. The placental transfer of fatty acids during pregnancy is important for adequate fetal growth and development, and imbalances adversely affect development and could lead to IUGR (121) . These observations suggest that the clinical use of thiazolidinediones (PPAR␥ inhibitors) to treat gestational diabetes mellitus (3 to 6% of pregnancies) could have unanticipated detrimental effects (122) .
STBs play a major role in placental functions throughout pregnancy by synthesizing steroid and peptide hormones necessary for fetal development. Among the hormones produced by STBs is hCG, which stimulates progesterone production and promotes fusion and STB formation in an autocrine fashion (123) . Disturbances in STB maturation and functions are found in numerous clinical conditions, including preeclampsia, IUGR, trisomy 21 (reviewed in reference 124), and congenital HCMV infection (18) . Infected TBPCs reduce hCG expression and increase levels of hyperglycosylated hCG, with lower bioactivity (75, 76) (Fig. 5D ) contributing to impaired development and functions of the mature cell types.
In conclusion, we have reported for the first time that HCMV infects TBPCs in the chorion in utero, and using continuously self-renewing TBPC lines, we have shown that viral replication interferes with essential progenitor cell properties, including selfrenewal and lineage allocation, and could explain dysregulation of placental development. Furthermore, IUGR occurs in the absence of fetal infection, suggesting that negative outcomes can result from placental pathology alone (125) . Our results shed light on novel molecular mechanisms that underlie IUGR and further define the constellation of developmental defects associated with congenital infection, thereby providing insights that could lead to more effective treatment.
